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Abstract  - A technique i s  described f o r  using microtrave -- 
radiometric  measurements t o  esti-mate v a r i a t i o n s  i n  atmospheric 

e l e c t r i c a l  path length.  Results  of numerical experiments 

ind ica te  t h a t  t h e  zeni th  e l e c t r i c a l  path length  can be i n f e r r e d  

with an accuracy of  1 o r  2 cm by us ing t h i s  technique. 

One problem encountered i n  any experiment r equ i r ing  coherent recept ion  
---. - - - - - - - - . - - - .  - 

of r ad io  waves a t  separa ted  s t a t i o n s  i s  the  determination of  t h e  e l e c t r i c a l  

path length  changes caused by t h e  atmosphere. For example, i n  r ad io  astronomy 

such a problem a r i s e s  when long-basel ine in ter ferometers  a r e  used t o  observe 

small- r ad io  sources,  and phase p r e s e r v a t i o ~  i.s des i red .  From g i l o ~ d -  l e v e l  
-- 

measurements of temperature, pressure,  and r e l a t i v e  humidity a t  each o f  the  

r ece iv ing  s t a t i o n s ,  t h e  va r i a t ions  i n  atmospheric e l e c t r i c a l  path length  

can be estimated. A more accura te  method f o r  i n f e r r i n g  these  path-length 

variat ions ' ir icorporates measurements by passive micros:rave radionieters of  

atmospheric thermal emission near t h e  22.235 GHz resonance l i n e  of water 

vapor and t h e  60 GHz resonance band o f  oxygen. The radiometers would have 

narrow-beam antennas pointed along each ray  path f o r  which t h e  atmospheric 

path length  i s  t o  be est imaied.  The e l e c t r i c a l  path length  increase  can be 

e s t i n a t e d  from t h e  r a d i o ~ e t r i c  measureraents and t h e  su r face  meteorological  

q u a n t i t i e s  a s  described below. 

The i n c x ~ . s e  i n  e l e c t r i c a l  path length  caused by t h e  atmosphere 



where n  i s  t h e  index of r e f r a c t i o n ,  and L i s  t h e  path of  t h e  e l e c t r i c a l  s i g n a l .  

The index of r e f r a c t i o n  of t h e  atmosphere may be r e l a t e d  t o  meteorological  

q u a n t i t i e s .  For frequencies b e l o ~ r  approxiniately 30 GHz, t h e  r e l a t i o n s  i s  
2 

o  
where T i s  teinperature ( K ) ,  P i s  t o t a l  pressure (mb), and e  i s  p a r t i a l  

pressure  of  water vapor ( ~ u b ) .  

The v a r i a b i l i t y  i n  t h e  e l e c t r i c a l  path length  i s  dominated by t h e  

v a r i a b i l i t y  i n  water vapor content  of  t h e  atmosphere, although t h e  average 

value  i s  de.terntined mainly by t h e  d ry -a i r  con t r ibu t ion .  Because surface  

- . ---- h M - d i t y  i s  not- wel l  c o r x e l a t e d  tr i th humidity a t -  h igher  a l t i t u d e s  and b L i s  -- - 

given by an i n t e g r a l  over t h e  r ad io  s i g n a l  path, su r face  measurements of 

meteorological  q u a n t i t i e s  do no t  permit an accura te  es t imate .  The sky- 

b r igh tness  temperature near  1-cm travelength, however, i s  more highly 

c o r r e l a t e d  with atmospheric path length .  The b r igh tness  temperature depends 

upon meteorological  c o n d i t i ~ n s  along t h e  propagati.on path and may be determined 

t h e m e t i c a l l y  by i n t e g r a t i o n  of  t h e  r a d i a t i v e  t r a n s f e r  e q u a t i x  3 

where ~ ~ ( 9  ) i s  b r igh tness  t enpera tu re  a t  frequencyt/ ,  ~ ( i ?  ) i s  atmospheric 

temperature a t  pos i t ion  a on path L, and k ( 0. ) i s  t h e  atmospheric absorpt ion  

c o e f f i c i e n t  a t  frequency 3/ and pos i t ion  9- on path L. 

I n  p r inc ip le ,  Eq. ( 3 )  may be inver ted  t o  y i e l d  m e t e o r ~ l o g i c a l  in fo rna t ion  

from measurements of  microwave b r igh tness  temperature.  The data- invers ion  

technique used here  f o r  i n f e r r i n g  atmospheric e l e c t r i c a l  path l e r g t h  from 

microcrave br ightness  t e r n ~ e r a t u r e  measurements i s  e s s e n t i a l l y  a  multidimensional 

regress ion  zna lys i s .  The es t ima te  of the  atmospheric companent of t h e  

e l e c t r i c a l  path length,  AL*, i s  expressed a s  a  13.near combination o f  t h e  

2 



var ious  da ta  elements d i 

The constants  D. a r e  determined by minimizing t h e  expected mea.n-square 
1 

d i f fe rence  between t h e  es t ima te  AL% and the  t r u e  value AL, and a r e  given 

- -1 
where LJ denotes expected value, and [ d 8 di] is t h e  j-ith element of 

t h e  inverse  of  t h e  matrix i d  .- d .I . 
J 1 

For our nurnzrica.1 experiments, atmospheric s t a t i s t i c s  were obtained 

from 50 summer and 50 >:inter United S t a t e s  Weather Bureau radiosonde records 

from Huntington, blest Virgin ia .  The surnrner records >!ere taken over a 5-year 

period (1962-1966) at 12-hour i n t e r v a l s  f o r  t h e  f i rs t  5 days i n  August, and 

t h e  winter  records f o r  t h e  same p e r i ~ d  i n  February. Using Eqs. ( 1 )  and (2) ,  

we ca lcu la ted  t h e  a t rn~spher ic  path length  increase  f o r  ea,ch of  t h e  radiosmile 

records f o r  various e l e v a t i ~ n s  angles.  Brightness temrperatures were ca lcu la ted  

by us ing Eq. (3)  and t h e  absorpt ion  c o e f f i c i e n t s  f o r  water vapor and oxygen 

4 
as expressed by Stae l i r ,  and B r r e t t ,  e t  81. 5,  respect ive ly .  Refrac t ive  -- 
bending a t t r i b u t a b l e  t~ t h e  a t m ~ s p h e r e  tras included i n  t h e  ca lcu la t ions ,  but  

e f f e c t s  of clouds tiere no t .  The constants  Di were then computed from Eq. (5 ) ,  

by us ing a s  da ta  elements t h e  ensemble of surface  meteorol&gical  q u a n t i t i e s  

and computed br ightness  temperatures. A cons tant  of  u n i t y  was a l s o  used a s  

a d a t a  element t o  b i a s  t h e  es t imate  o f  A L  toward i t s  mean value. Next, 

Gaussian naise  of rrns value: 

'2% f o r  surface  r e l a t i v e  hunidi ty  

o 
0 . 1  K f o r  surfa-c  temperature 

1 mb for  su r face  pressure ' 



o 
0.2 K f o r  b r i g h t n e s s  temperatu-res 

was added t o  t h c  s imulated d a t a ,  and A L* c a l c u l a t e d  frorn Eq. ( 4 ) .  The 

i n f e r r e d  va lue ,  AL.s, was then '  compa.red with t h e  computed t r u e  value,  AL, 

f o r  each of t h e  100 rad.isonde records ,  and t h e  r m s  e r r o r  i n  d L* was determfned. 

Resu l t s  of t h e  numerical  exper5.men.t~ a r e  show1 i n  Table 1 f o r  s w n e r  and 

win te r  ca ses .  The rnls e r r o r  i n  t h e  es t imated  va lue  o f  t h e  z e n i t h  e l e c t r i c a l  

pa th  l eng th  i s  given f o r  3 e s t i m a t i o n  schemes us ing:  ( i )  su r f ace  meteoro logica l  

d a t a  alone;  ( i i )  s u r f a c e  ~ n e t e o r o l o g i c a l  d a t a  p lus  b r i g h t n e s s  te rpera tv . res  a t  

two f requencies  n e a r  t h e  22.2 GHz water vapor resonance; and ( i i i )  s u r f a c e  

meteoro logica l  d a t a  p lus  b r i g h t n e s s  ternperatuwes a t  two f requencies  n e a r  t h e  

22.2 GHz water-vapor resonance and a t  two f requencies  nea r  t h e  60 GHz oxygen 

band. The t~d te r -vapor  informat ion  i s  p r i n c i p a l l y  responsih1.e f o r  t h e  

i n d i c a t e d  irnyrovement, and t h e  oxygen measureirients r e f i n e  t h e  r e s u l t s  by 

provid ing  information about  t h e  atmospheric temperature p r o f i l e .  The 

c a l c u l a t i o n s  show t h a t  approximate rins e r r o s  f o r  non-zeni th d i r e c t i o n s  can 

be obta ined  by mul t ip ly ing  t h e  a p p r o p r i a t e  e n t r i e s  i n  Table 1 by t h e  secan t  

of t h e  zen i th  angle,  f o r  z e n i t h  ang le s  l e s s  t han  80'. 

The r e s u l t s  of t h e s e  c a l c u l a t i o n s  i n d i c a t e  t h a t  i n  t h e  absence o f  

c louds  t h e  atniospheric c o n t r i b u t i o n  t o  t h e  z e n i t h  e l e c t r i c a l  pa th  l eng th  can 

be  i n f e r r e d  wi th  an accuracy a f  1 o r  2 cm from measurernents of sky b r i g h t n e s s  

temperature a t  2 f requencies  n e a r  t h e -  water-vapor resonance, and s u r f a c e  

rneasurernents o f  meteoro logica l  q u a n t i t i e s .  E e t t e r  accuracy can be obta ined  

by i r lc luding microvave rad iometr ic  m e a s u r e n ~ n t s  near  t h e  0 band. F a r  summer, 
2 

t h i s  i s  approximately a  f a c t o r  o f  3 b e t t e r  t han  could be d ~ n e  from - a ~ r i o r i  

s t a t i s t i c a l  in format ion  a lone  and a  f a c t o r  of 2.5 b e t t e r  t han  could b e  

obta ined  by measuring only s u r f a c e  meteoro logica l  q u a n t i t i e s .  Pre l iminary  

c a l c u l a t i o n s  i n d i c a t e  t h a t  t y p i c a l  c louds t r i l l  add approximately 0.5 cm t~ 



t h e  expected rms e r r o r  i n  i n f e r r i n g  zeni th  e l e c t r i c a l  path length  inc rease  

froin mnultifrequency radi.ornetric d a t a ,  

6 
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TABLE 1. Resul ts  of estimating atrnospheric zeni th  e l e c t r i c a l  path l e n a h .  

RIB e r r o r s  , i n  est imated path, , . ,, 
length  (cia) - i  , ------- 

Measu.ren~ents f o r  t h e  es t imat ion  
of  path length  Summer Winter 
--- --- - .&- 

A p r i o r i  standa'rd dev ia t ion  i n  zeni th  

e l e c t r i c a l  path (no measurements ) 

Surface meteorological  da ta :  

temperature, pressure,  r e l a t i v e  humidity 

Surface meteorolcgica l  da ta  plus 

b r igh tness  temperatures a t  22 and 

24 GHz 

Surface meteorological da ta  plus 

b r igh tness  temperatu-res a t  22, 24, 

52.65, 53.60 GHa 
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